Introduction {#sec1}
============

Over the last decade, organic field-effect transistors (OFETs) have gained considerable attention as key components of the next generation of electronic devices because of their flexibility, light weight, low cost, ease of design, and printability,^[@ref1]^ leading many researchers in academia and industry to work on the production of OFETs with superior performances.^[@ref2]^ For instance, charge-carrier mobility, a crucial parameter for OFET performance, has advanced from an initial value of 10^--5^ cm^2^ V^--1^ s^--1^ for merocyanine, first reported in 1984,^[@ref3]^ to the state-of-the-art value of 20.9 cm^2^ V^--1^ s^--1^ for hole mobility in polycrystalline films of 3,10-(C~14~H~29~)~2~picene.^[@ref4]^

To develop high-performance OFETs, there are three representative strategies: (1) inserting sulfur atom(s) into the molecular framework, which enhances carrier mobility because of the effective π--π interactions attributed to the large van der Waals radius of a sulfur atom; (2) introducing alkyl chains or aromatic rings as substituents in the long-axis direction, which generates strong intermolecular interactions, leading to high crystallinity, and increases their solubility in common organic solvents; and (3) extending their π-electron systems by adding more fused rings, which affords more effective orbital overlaps and thus strong intermolecular interactions between neighboring molecules in the solid state. For instance, Takeya and co-workers reported that N-shaped dinaphtho\[2,3-*d*:2′,3′-*d*′\]benzo\[1,2-*b*:4,5-*b*′\]dithiophene (DNBDT), consisting of seven fused aromatic rings, and its dialkylated derivative, C~10~-DNBDT-NW, showed a high hole mobility of 16 cm^2^ V^--1^ s^--1^ in single crystals formed by the edge-cast method.^[@ref5]^ In addition, Takimiya and co-workers showed that bis\[1\]benzothieno\[2,3-*d*:2′,3′-*d*′\]naphtho\[2,3-*b*:6,7-*b*′\]dithiophene (BBTNDT), consisting of eight fused aromatic rings, and its derivative DPh-BBTNDT exhibited a high hole mobility of 7 cm^2^ V^--1^ s^--1^ in polycrystalline films.^[@ref6]^ However, there have been several reports on the development of OFETs by the third approach that mention the difficulty of synthesis due to the decreasing solubility as the number of fused rings increases.

We have reported efficient synthesis of five fused aromatic ring-containing phenanthro\[1,2-*b*:8,7-*b*′\]dithiophene (PDT) by replacing the terminal benzene rings in picene with thiophene rings.^[@ref7]^ On the basis of the expectation of obtaining a high mobility with a fastener effect, its dialkylated derivatives (C*~n~*-PDTs) were synthesized.^[@ref8]^ This yielded a C~12~-PDT-based OFET that exhibited a hole mobility of 1.75 cm^2^ V^--1^ s^--1^ with SiO~2~ gate dielectrics and a higher mobility of 2.19 cm^2^ V^--1^ s^--1^ with an HfO~2~ gate dielectric with a high *k-*value.^[@ref9]^ Considering the earlier reports showing that FET properties are affected by both the length of the alkyl chains and number of fused aromatic rings^[@ref10]^ and the third strategy, we have designed piceno\[4,3-*b*:9,10-*b*′\]dithiophene (PiDT), including seven fused rings and thus extending the conjugated π system. Here, we report the synthesis of PiDT and two of its derivatives, with alkyl (C~8~ and C~10~) groups at the 2 and 11 positions, and their physicochemical and FET properties.

Results and Discussion {#sec2}
======================

Considering the synthesis of alkylated PiDT derivatives, we first prepared two types of 4-formyl-2-alkylthiophenes, **5b** and **5c**, as the coupling partners. 2-Bromo-5-alkylthiophenes **3b** and **3c** were prepared in high yield through bromination of alkylated thiophenes **2b** and **2c** with *N*-bromosuccinimide (NBS). Successively, 4-formyl-2-alkylthiophenes **5b** and **5c** were synthesized via isomerization of **3b** and **3c** with lithium diisopropylamide (LDA),^[@ref11]^ followed by formylation by sequential treatment with *n*-butyllithium and dimethylformamide (DMF) ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The overall yields of **5b** and **5c**, obtained from thiophene (**1**) in four steps, were 37 and 47%, respectively.

![Synthesis of 4-Formyl-2-alkylthiophenes **5b** and **5c**](ao-2017-000158_0005){#sch1}

To synthesize precursors of PiDT derivatives **7a**--**c**, we carried out palladium-catalyzed Negishi coupling of 2,7-dibromophenanthrene (**6**)^[@ref12]^ with the in situ prepared 2-alkyl-4-formyl-5-thienyl zinc reagents derived from the regioselective zincation of **5** using TMPZnCl·LiCl.^[@ref13]^ Subsequent epoxidation of **7a**--**c** and Lewis acid-catalyzed Friedel--Crafts-type intramolecular cycloaromatization afforded the desired products, **9a**--**c**, in 29--52% yield ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}).^[@ref14]^ With regard to the regioselectivity of the cycloaromatization reaction, although the three structural isomers of **9** could theoretically be formed, we were pleased to obtain exclusively phenacene-type molecules of **9**, in the pure form, because the electrophilic attack that controlled the regioselectivity tended to occur on the higher local electron density of the indicated carbon atoms (red dot), as shown in [Figures S12 and S13 and Schemes S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00015/suppl_file/ao7b00015_si_001.pdf). The PiDT derivatives, **9a**--**c**, that were obtained were purified by twice-repeated vacuum sublimation for further measurement of physicochemical properties and fabrication of OFET devices.

![Synthesis of PiDTs **9a**--**c**](ao-2017-000158_0006){#sch2}

Next, we investigated the optical and electrochemical properties of **9a**--**c**. UV--vis absorption spectra of **9a**--**c** in CH~2~Cl~2~ are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The maximum absorption wavelength of PiDT **9a** was observed at 306 nm, and dialkylated derivatives **9b** and **9c** showed almost the same absorption maximum at 309 nm. In cyclic voltammograms of **9a**--**c** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), **9a** showed a clear oxidation wave, whereas the oxidation waves of **9b** and **9c** were weaker than those of **9a** due to their low solubility, derived from a strong hydrophobic interaction induced by alkyl chains. The estimated highest occupied molecular orbital (HOMO) energy levels were almost the same, around −5.6 eV, indicating that the introduction of alkyl chains on the molecular framework does not affect the electronic state of PiDT because the HOMO coefficients did not localize at the 2,11-positions ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00015/suppl_file/ao7b00015_si_001.pdf)). Furthermore, the coefficients of HOMO in **9a**--**c** show the same geometry as that of high-performance phenacene-type molecules,^[@ref4],[@ref15]^ which encourages us to expect that **9a**--**c** would show not only high air stability but also high hole mobility in OFET devices.

![(a) UV--vis absorption spectra of **9a**--**c** in CH~2~Cl~2~ solution. (b) Cyclic voltammograms of **9a**--**c** (1 mM) in CH~2~Cl~2~ solution containing 0.1 M Bu~4~NPF~6~ as the supporting electrolyte, at a scan rate of 100 mV s^--1^.](ao-2017-000158_0004){#fig1}

To explore the FET characteristics, we fabricated OFET devices based on **9a**--**c** and using an Si/SiO~2~ substrate. The surface of the Si/SiO~2~ substrate was treated with *n*-octyltrichlorosilane (OTS) or *n*-octadecyltrichlorosilane (ODTS) as a self-assembled monolayer (SAM). The active layer of **9a**--**c** was formed by vapor deposition at the rate of 0.1 Å s^--1^, and sequential thermal annealing was carried out at 100, 150, and 200 °C for 30 min in an inert atmosphere to form thin films with a highly ordered packing structure. All fabricated devices exhibited typical p-type characteristics under ambient conditions in the dark. The best hole mobilities under the optimized FET parameters are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The OFET devices based on **9a** showed a hole mobility of 0.84 cm^2^ V^--1^ s^--1^, which is higher by a factor of 8 than that of PDT-based OFET devices (0.11 cm^2^ V^--1^ s^--1^).^[@ref7]^ The mobilities of OFET devices based on dialkylated PiDTs **9b** and **9c** were much higher than those of **9a**-based OFET devices, presumably owing to the expected fastener effects.^[@ref16]^ As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,e, the transfer and output curves of the **9b**-based OFET device exhibited the highest mobility of 2.36 cm^2^ V^--1^ s^--1^, which is an excellent value in polycrystalline films. However, the absolute threshold voltages of **9a**--**c** were high, around 50 V, due to the large energy barrier^[@ref17]^ between the work function of gold (5.1 eV)^[@ref18]^ as source and drain electrodes and HOMO energy levels of **9**. Therefore, we next changed the SAM from OTS or ODTS to 1*H*,1*H*,2*H*,2*H*-perfluorooctyltriethoxysilane (FOTS), which can play a crucial role in shifting the absolute threshold voltage to the positive side.^[@ref19]^ This reduced the absolute threshold voltage from 49 to 29 V. However, the mobility in **9b**-based OFET devices was also reduced to 1.45 cm^2^ V^--1^ s^--1^.

![(a--c) Transfer and (d--f) output curves of OFET device based on (a, d) **9a**, (b, e) **9b**, and (c, f) **9c** on an Si/SiO~2~ substrate treated with (a, d) OTS, *T*~anneal~ = 200 °C, (b, e) ODTS, *T*~anneal~ = 150 °C, and (c, f) ODTS, *T*~anneal~ = 200 °C.](ao-2017-000158_0002){#fig2}

###### FET Parameters of Fabricated OFET Devices Based on **9a**--**c**

  compound   SAM    *T*~anneal~ (°C)   μ (cm^2^ V^--1^ s^--1^)[a](#t1fn1){ref-type="table-fn"}^,^[b](#t1fn2){ref-type="table-fn"}   *V*~th~ (V)[b](#t1fn2){ref-type="table-fn"}   *I*~on/off~
  ---------- ------ ------------------ -------------------------------------------------------------------------------------------- --------------------------------------------- --------------
  **9a**     OTS    200                0.84 (0.53)                                                                                  --43 (−40)                                    10^6^--10^8^
  **9b**     ODTS   150                2.36 (1.68)                                                                                  --49 (−43)                                    10^6^--10^8^
  **9c**     ODTS   200                1.21 (0.63)                                                                                  --46 (−34)                                    10^6^--10^7^

Calculated with the saturated regime.

Average values are shown in parentheses. For other experimental results for **9a**--**c**, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00015/suppl_file/ao7b00015_si_001.pdf).

To investigate the molecular orientation and surface morphology of the fabricated thin films of **9a**--**c**, we next examined out-of-plane X-ray diffraction (XRD) patterns and atomic force microscopy (AFM) images. The lattice spacing (*d*); the molecular length (*L*) estimated from DFT calculations that were performed at the B3LYP/6-31G(d) level using the Gaussian 09, revision A.02, program package ([Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00015/suppl_file/ao7b00015_si_001.pdf));^[@ref20]^ the tilt angles (θ) based on *d*~001~; and the crystallite size (*l*) evaluated from (00l) diffraction are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The thin film of **9a** showed fourth-order (00l) diffraction peaks, indicating that **9a** formed a layer-by-layer structure similar to that of high-performance thienoacenes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a).^[@ref5],[@ref6],[@ref10]^ Moreover, the calculated tilt angle was nearly 0°, indicating that **9a** has a completely edge-on orientation to the substrate, which is superior for carrier transport in OFET devices ([Figure S20](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00015/suppl_file/ao7b00015_si_001.pdf)). On the other hand, the thin films of **9b** and **9c** also showed a series of (001) diffraction peaks up to the fifth and seventh orders, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c). However, the tilt angles of **9b** and **9c** were over 30°, which are similar to those of high-performance phenacene-type materials.^[@ref15],[@ref21]^ Furthermore, the introduced alkyl chains affect the crystallite size (*l*). The *l* values of **9b** and **9c** were larger than those of **9a**, which might be one of the reasons why the mobilities of OFET devices based on **9b** and **9c** are higher than those of **9a**-based OFET devices.

![XRD patterns of (a) **9a**, (b) **9b**, and (c) **9c** thin films on an Si/SiO~2~ substrate treated with (a) OTS, *T*~anneal~ = 200 °C; (b) ODTS, *T*~anneal~ = 150 °C; or (c) ODTS, *T*~anneal~ = 200 °C.](ao-2017-000158_0003){#fig3}

###### Morphology Parameters of **9a**--**c** Thin Films Determined by XRD Patterns

  compound   *d* (Å)   *L* (Å)[a](#t2fn1){ref-type="table-fn"}   θ (deg)[b](#t2fn2){ref-type="table-fn"}   *l* (nm)[c](#t2fn3){ref-type="table-fn"}
  ---------- --------- ----------------------------------------- ----------------------------------------- ------------------------------------------
  **9a**     17.0      16.9                                      ∼0                                        20.5
  **9b**     31.0      36.6                                      32                                        24.7
  **9c**     34.0      41.4                                      35                                        28.9

Defined as the distance between the terminal methyl groups in the alkyl chains in a DFT (B3LYP/6-31G(d))-optimized molecular structure.

Based on (*d*~001~) and the molecular length.

From the full width at half-maximum of (001) diffraction using the Debye--Scherrer formula.

AFM was used to gain more insight into the structure--property relationships. The AFM images (5 × 5 μm^2^) of thin films of **9a** on an OTS-treated substrate showed large crystalline grains, which are similar to those in high-performance materials ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a).^[@ref6],[@ref10]^ However, a number of clear grain boundaries were also observed, which suppress effective carrier transport. On the other hand, a smooth surface and ambiguous grain boundaries were observed on the surface of the fabricated thin films of **9b** and **9c**, which showed superior carrier transport in OFET devices ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,c). The grain size of **9b** was much larger than that of **9c**. Furthermore, we could observe steps corresponding to the *d*-spacing of **9b** (3.1 nm), indicating that the flat monolayer formed on the substrate resulted in effective carrier transport ([Figure S24](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00015/suppl_file/ao7b00015_si_001.pdf)). Therefore, we concluded that the film quality of **9b** was the best, yielding the highest mobility of up to 2.36 cm^2^ V^--1^ s^--1^.

![AFM images (5 × 5 μm^2^) of the fabricated thin films on an Si/SiO~2~ substrate, affording the best device characteristics: (a) **9a**, (b) **9b**, and (c) **9c** on the (a) OTS- and (b, c) ODTS-treated substrates (*T*~anneal~ = 200 °C for **9a** and **9c**, *T*~anneal~ = 150 °C for **9b**).](ao-2017-000158_0007){#fig4}

Conclusions {#sec3}
===========

In conclusion, we have developed novel PiDT derivatives through sequential palladium-catalyzed Negishi coupling, epoxidation, and Lewis acid-catalyzed regioselective cycloaromatization. The UV--vis absorption spectra and CV measurements for the synthesized **9a**--**c** showed very similar optical and electrochemical properties. High-performance FET characteristics were observed for dialkylated PiDTs **9b** and **9c**. The highest mobility, 2.36 cm^2^ V^--1^ s^--1^, was achieved for the fabricated OFET devices based on **9b** on an ODTS-treated Si/SiO~2~ substrate. However, the absolute threshold voltage was also high, due to the deep HOMO energy level of **9b**. To achieve a higher mobility and lower voltage operation, we are currently undertaking the design and synthesis of novel organic materials with extended π-electron systems and incorporating acene moieties into phenacene-type molecular frameworks.

Experimental Section {#sec4}
====================

General {#sec4.1}
-------

All of the reactions were carried out under an Ar atmosphere using standard Schlenk techniques. The glassware was dried in an oven (130 °C) and heated under reduced pressure before use. For thin-layer chromatography (TLC) analyses throughout this work, Merck precoated TLC plates (silica gel 60 F~254~, 0.25 mm) were used. Silica gel column chromatography was carried out using Silica gel 60 (spherical, 40--100 μm) from Kanto Chemicals Co., Ltd. NMR spectra (^1^H and ^13^C{^1^H}) were recorded on Varian INOVA-600 (600 MHz), Mercury-400 (400 MHz), and 300-NMR ASW (300 MHz) spectrometers. Chemical shifts (δ) are in parts per million (ppm) relative to CDCl~3~, at 7.26 ppm for ^1^H and 77.0 ppm for ^13^C{^1^H} NMR spectra. Infrared spectra were recorded on a Shimadzu IRPrestige-21 spectrophotometer and reported in wave numbers (cm^--1^). High-resolution mass spectrometry (HRMS) was carried out on a JEOL JMS-700 MStation. Dynamic force-mode AFM was carried out using SPA 400-DFM (SII Nano Technologies). XRD spectra were recorded using Smart Lab-Pro (Rigaku), with an X-ray wavelength of 1.5418 Å (Cu Kα source). Elemental analyses were carried out with a Perkin-Elmer 2400 CHN elemental analyzer.

Unless otherwise noted, the materials obtained from commercial suppliers were used without further purification. Thiophene (Wako), *n*-buthyllithium (TCI), 1-bromooctane (Wako), 1-bromodecane (TCI), *N*-bromosuccinimide (TCI), 2,2′-bis(carboxyl)-1-1′-biphenyl (TCI), dibromoisocyanuric acid (TCI), sodium borohydride (Nacalai Tesque), boron trifluoride--ethyl ether complex (TCI), oxalyl chloride (Wako), hydrazine monohydrate (Wako), trimethylsulfonium iodide (Aldrich), potassium hydroxide (Nacalai Tesque), and indium chloride (TCI) were used as received.

2-Octylthiophene (**2b**),^[@ref22]^ 2-decylthiophene (**2c**),^[@ref23]^ 2-bromo-5-octylthiophene (**3b**),^[@ref24]^ 2-bromo-5-decylthiophene (**3c**),^[@ref23]^ 4-bromo-2-octylthiophene (**4b**),^[@ref25]^ 3-thiophenecarboxaldehyde (**5a**),^[@ref26]^ and 2,7-dibromophenanthrene (**6**)^[@ref12]^ showed identical spectroscopic data to that reported in the literature.

### Synthesis of 4-Bromo-2-decylthiophene (**4c**) {#sec4.1.1}

A solution of 2-bromo-5-decylthiophene **3c** (19.4 g, 63.9 mmol, 1 equiv) in anhydrous tetrahydrofuran (THF) (85 mL) in a 300 mL three-necked round-bottomed flask under an argon atmosphere was cooled to 0 °C, and a solution of LDA freshly prepared from *n*-butyllithium (1.6 M in hexane, 59.9 mL, 95.8 mmol, 1.5 equiv) and diisopropylamine (13.5 mL, 95.8 mmol, 1.5 equiv) was added dropwise. After stirring at −60 °C for 2 h, the reaction mixture was quenched with methanol (100 mL), allowed to warm to room temperature, and extracted with diethyl ether (200 mL × 3). The combined organic layers were washed with brine and dried over MgSO~4~. Filtration and evaporation afforded product **4c** (18.9 g, 62.3 mmol, 98%) as a pale tan liquid. Fourier transform infrared (FT-IR) (KBr, cm^--1^): 3115 (s), 2955 (w), 2928 (w), 2855 (w), 1528 (m), 1456 (m), 1438 (m), 1377 (s), 1346 (s), 1184 (s), 866 (m), 820 (w), 721 (w), 584 (m). ^1^H NMR (600 MHz, CDCl~3~, rt): δ 0.88 (t, *J* = 7.2 Hz, 3H), 1.26--1.36 (m, 14H), 1.64 (quintet, *J* = 7.2 Hz, 2H), 2.77 (t, *J* = 7.2 Hz, 2H), 6.69 (d, *J* = 1.2 Hz, 1H), 7.00 (d, *J* = 1.2 Hz, 1H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt): δ 14.5, 23.0, 29.3, 29.6, 29.86, 29.93, 30.4, 31.7, 32.2, 109.2, 120.4, 127.0, 147.5. HRMS: (FAB^+^) calcd for C~14~H~25~BrS~2~, 303.0782; found, 303.0805 (M + H)^+^.

### General Procedure for the Synthesis of 2-Alkylthiophene-4-carbaldehyde **5** {#sec4.1.2}

To a solution of 4-bromo-2-alkylthiophene **4** (50 mmol, 1 equiv) in anhydrous diethyl ether (100 mL) in a 300 mL three-necked round-bottomed flask under an argon atmosphere was added ^*n*^BuLi (1.6 M in hexane, 34 mL, 55 mmol, 1.1 equiv) at −78 °C, and the reaction mixture was stirred for 1 h. Then, DMF (5.8 mL, 75 mmol, 1.5 equiv) and diethyl ether (20 mL) were added to the reaction mixture and the reaction mixture was stirred for 30 min. The reaction mixture was allowed to warm at room temperature and was stirred for 45 min, quenched with 1 M hydrochloric acid (100 mL), and extracted with diethyl ether (100 mL × 2). The combined organic layers were washed with brine and dried over MgSO~4~. Filtration and evaporation afforded an orange liquid. The crude product was purified by column chromatography on silica gel (hexane/ethyl acetate = 12:1) to afford product **5** as a yellow liquid.

### 2-Octylthiophene-4-carbaldehyde (**5b**) {#sec4.1.3}

The yield was 56%. FT-IR (KBr, cm^--1^): 3094 (s), 2955 (m), 2926 (w), 2855 (w), 2793 (s), 2708 (s), 1691 (w), 1466 (w), 1406 (m), 1119 (m), 723 (m). ^1^H NMR (300 MHz, CDCl~3~, rt): δ 0.88 (t, *J* = 6.9 Hz, 3H), 1.25--1.35 (m, 10H), 1.68 (quintet, *J* = 6.9 Hz, 2H), 2.80 (t, *J* = 6.9 Hz, 2H), 7.20 (d, *J* = 1.2 Hz, 1H), 7.90 (d, *J* = 1.5 Hz, 1H), 9.81 (s, 1H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt): δ 14.1, 22.6, 29.0, 29.1, 29.2, 29.9, 31.2, 31.8, 121.5, 135.4, 142.9, 148.2, 185.2. Anal. Calcd for C~13~H~20~OS: C, 69.59; H, 8.98%. Found: C, 69.58; H, 9.15%.

### 2-Decylthiophene-4-carbaldehyde (**5c**) {#sec4.1.4}

The yield was 58%. FT-IR (KBr, cm^--1^): 3094 (s), 2953 (m), 2926 (w), 2853 (w), 2793 (s), 2708 (s), 1692 (w), 1466 (w), 1406 (m), 1119 (m), 721 (m). ^1^H NMR (400 MHz, CDCl~3~, rt): δ 0.88 (t, *J* = 6.8 Hz, 3H), 1.26--1.35 (m, 14H), 1.68 (quintet, *J* = 6.8 Hz, 2H), 2.80 (t, *J* = 7.2 Hz, 2H), 7.20 (d, *J* = 2 Hz, 1H), 7.90 (d, *J* = 1.6 Hz, 1H), 9.81 (s, 1H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt): δ 14.1, 22.7, 29.0, 29.27, 29.29, 29.5, 29.6, 29.9, 31.3, 31.9, 121.5, 135.4, 142.9, 148.3, 185.2. Anal. Calcd for C~15~H~24~OS: C, 71.37; H, 9.58%. Found: C, 71.67; H, 9.70%.

### General Procedure for the Synthesis of Dialdehyde **7** {#sec4.1.5}

To a solution of **5** (3.6 mmol, 2.4 equiv) in anhydrous THF (30 mL) in a 50 mL Schlenk tube under an argon atmosphere was added a solution of TMPZnCl·LiCl (0.72 M in THF, 5 mL, 3.6 mmol, 2.4 equiv) at 25 °C, and the reaction mixture was then stirred at this temperature for 1 h. 2,7-Dibromophenanthrene (**6**) (504 mg, 1.5 mmol, 1 equiv), Pd(dba)~2~ (43 mg, 0.075 mmol, 5 mol %), and \[HP*t*-Bu~3~\]BF~4~ (44 mg, 0.15 mmol, 10 mol %) were added at room temperature. The resulting reaction mixture was stirred at reflux for 9 h and then poured into MeOH; the formed solid was filtered. The filter cake was rinsed with water (50 mL) and hexane (50 mL). The crude product was purified by column chromatography on silica gel (hexane/dichloromethane = 2:3) to afford product **7** as a pale yellow solid.

### 2,2′-(Phenanthrene-2,7-diyl)bis(thiophene-3-carbaldehyde) (**7a**) {#sec4.1.6}

The yield was 78%. *R*~*f*~ = 0.16 (hexane/dichloromethane = 2:3). Mp \> 270 °C. FT-IR (KBr, cm^--1^): 3103 (s), 3084 (s), 3061 (s), 3028 (s), 2866 (s), 2831 (s), 2754 (s), 1680 (w), 1479 (m), 1377 (m), 1226 (m), 912 (m), 885 (m), 813 (w), 727 (w), 713 (w). ^1^H NMR (400 MHz, CDCl~3~, rt): δ 7.37 (d, *J* = 5.6 Hz, 2H), 7.65 (d, *J* = 5.6 Hz, 2H), 7.84 (dd, *J* = 8.4, 2 Hz, 2H), 7.88 (s, 2H), 8.07 (d, *J* = 2 Hz, 2H), 8.80 (d, *J* = 8.4 Hz, 2H), 10.01 (s, 2H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt): δ 123.7, 125.7, 127.0, 128.0, 128.5, 130.23, 130.24, 130.3, 132.4, 137.5, 155.4, 185.2. HRMS (EI^+^) calcd for C~24~H~14~O~2~S~2~, 398.0435; found, 398.0420.

### 2,2′-(Phenanthrene-2,7-diyl)bis(5-octylthiophene-3-carbaldehyde) (**7b**) {#sec4.1.7}

Yield was 68%. *R*~*f*~ = 0.27 (hexane/dichloromethane = 2:3). Mp = 78--80 °C. FT-IR (KBr, cm^--1^): 3062 (s), 2955 (m), 2928 (w), 2916 (w), 2853 (w), 1667 (w), 1470 (m), 1379 (m), 1177 (m), 918 (m), 881 (m), 837 (m), 793 (m), 717 (m). ^1^H NMR (300 MHz, CDCl~3~, rt): δ 0.89 (t, *J* = 6.9 Hz, 6H), 1.29--1.44 (m, 20H) 1.74 (quintet, *J* = 7.8 Hz, 4H), 2.85 (t, *J* = 7.8 Hz, 4H), 7.30 (s, 2H), 7.80 (dd, *J* = 8.4, 6.6 Hz, 2H), 7.81 (s, 2H), 8.01 (d, *J* = 2.1 Hz, 2H), 8.75 (d, *J* = 8.4 Hz, 2H), 9.93 (s, 2H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt): δ 14.0, 22.6, 29.0, 29.1, 29.2, 29.8, 31.1, 31.8, 123.1, 123.4, 127.7, 128.2, 129.8, 129.9, 130.4, 132.1, 137.2, 146.2, 153.3, 185.7. Anal. Calcd for C~40~H~46~O~2~S~2~: C, 77.13; H, 7.44%. Found: C, 77.14; H, 7.39%.

### 2,2′-(Phenanthrene-2,7-diyl)bis(5-decylthiophene-3-carbaldehyde) (**7c**) {#sec4.1.8}

The yield was 56%. *R*~*f*~ = 0.25 (hexane/dichloromethane = 2:3). Mp = 73--74 °C. FT-IR (KBr, cm^--1^): 3061 (s), 2955 (w), 2916 (w), 2853 (w), 1665 (w), 1472 (m), 1379 (m), 1177 (m), 908 (m), 831 (m), 808 (m), 718 (m). ^1^H NMR (300 MHz, CDCl~3~, rt): δ 0.89 (t, *J* = 6.9 Hz, 3H), 1.28--1.41 (m, 28H), 1.75 (quintet, *J* = 6.9 Hz, 2H), 2.85 (t, *J* = 6.9 Hz, 2H), 7.31 (s, 2H), 7.80 (dd, *J* = 8.7, 6.6 Hz, 2H), 7.84 (s, 2H), 8.02 (d, *J* = 1.8 Hz, 2H), 8.76 (d, *J* = 8.7 Hz, 2H), 9.93 (s, 2H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt): δ 14.1, 22.6, 29.0, 29.3, 29.5, 29.6, 29.9, 31.2, 31.8, 123.2, 123.5, 127.8, 129.86, 129.93, 130.5, 132.2, 137.2, 146.2, 153.4, 185.8. Anal. Calcd for C~44~H~54~O~2~S~2~: C, 77.83; H, 8.02%. Found: C, 77.80; H, 8.02%.

### General Procedure for the Synthesis of Diepoxides **8** {#sec4.1.9}

To a solution of dialdehyde **7** (0.5 mmol, 1 equiv) in anhydrous acetonitrile (15 mL) in a 50 mL Schlenk tube under an argon atmosphere were added trimethylsulfonium iodide (245 mg, 1.2 mmol, 2.4 equiv) and powdered KOH (154 mg, 2.78 mmol, 5.5 equiv) at room temperature. The reaction mixture was vigorously stirred at 60 °C for 4 h, quenched with water (10 mL), and extracted with chloroform (30 mL × 2). The combined organic layers were washed with brine and dried over MgSO~4~. Filtration and evaporation afforded diepoxide **8** as a pale yellow solid.

### 2,7-Bis(3-(oxiran-2-yl)thiophen-2-yl)phenanthrene (**8a**) {#sec4.1.10}

The yield was 99%. Mp = 190--192 °C. FT-IR (KBr, cm^--1^): 3055 (s), 3032 (s), 2992 (s), 2960 (s), 2961 (s), 1435 (w), 1319 (m), 1250 (m), 872 (w), 849 (w), 779 (w), 765 (w), 735 (m). ^1^H NMR (400 MHz, CDCl~3~, rt): δ 3.06--3.08 (m, 2H), 3.22--3.25 (m, 2H), 4.07--4.09 (m, 2H), 6.97 (d, *J* = 5.2 Hz, 2H), 7.33 (d, *J* = 5.2 Hz, 2H), 7.83 (s, 2H), 7.86 (dd, *J* = 8.4, 1.6 Hz, 2H), 8.06 (d, *J* = 1.6 Hz, 2H), 8.74 (d, *J* = 8.4 Hz, 2H). ^13^C{^1^H} NMR (125 MHz, CDCl~3~, rt): δ 48.6, 50.3, 123.3, 125.1, 125.9, 127.6, 127.9, 128.8, 129.4, 131.9, 132.2, 134.5, 142.2. HRMS (EI^+^) calcd for C~26~H~18~O~2~S~2~, 426.0748; found, 426.0740.

### 2,7-Bis(5-octyl-3-(oxiran-2-yl)thiophen-2-yl)phenanthrene (**8b**) {#sec4.1.11}

The yield was 85%. Mp = 63--65 °C. FT-IR (KBr, cm^--1^): 3055 (s), 2953 (w), 2924 (w), 2853 (w), 1375 (s), 1260 (m), 893 (m), 837 (m), 816 (m), 718 (m). ^1^H NMR (600 MHz, CDCl~3~, rt): δ 0.90 (t, *J* = 6.6 Hz, 6H), 1.28--1.36 (m, 16H), 1.41 (quintet, *J* = 7.8 Hz, 4H), 1.72 (quintet, *J* = 7.8 Hz, 4H), 2.81 (t, *J* = 7.8 Hz, 4H), 3.05 (dd, *J* = 5.4, 2.4 Hz, 2H), 3.21 (t, *J* = 5.4 Hz, 2H), 4.04 (t, *J* = 2.4 Hz, 2H), 6.65 (s, 2H), 7.79 (s, 2H), 7.81 (dd, *J* = 8.4, 1.8 Hz, 2H), 8.00 (d, *J* = 1.8 Hz, 2H), 8.69 (d, *J* = 8.4 Hz, 2H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt): δ 14.1, 22.6, 29.1, 29.2, 29.3, 30.2, 31.5, 31.8, 48.7, 50.3, 122.7, 123.2, 127.6, 127.8, 128.5, 129.2, 132.1, 132.2, 133.9, 139.6, 145.8. HRMS (EI^+^) calcd for C~42~H~50~O~2~S~2~, 650.3252; found, 650.3280.

### 2,7-Bis(5-decyl-3-(oxiran-2-yl)thiophen-2-yl)phenanthrene (**8c**) {#sec4.1.12}

The yield was 87%. Mp = 58--59 °C. FT-IR (KBr, cm^--1^): 2951 (m), 2924 (m), 2916 (m), 2851 (m), 1375 (s), 1260 (s), 891 (s), 808 (s), 716 (s). ^1^H NMR (600 MHz, CDCl~3~, rt): δ 0.89 (t, *J* = 6.6 Hz, 6H), 1.28--1.34 (m, 24H), 1.41 (quintet, *J* = 7.8 Hz, 4H), 1.71 (quintet, *J* = 7.8 Hz, 4H), 2.81 (t, *J* = 7.8 Hz, 4H), 3.04 (dd, *J* = 5.4, 2.4 Hz, 2H), 3.21 (t, *J* = 4.8 Hz, 2H), 4.04 (t, *J* = 3.0 Hz, 2H), 6.64 (s, 2H), 7.79 (s, 2H), 7.81 (dd, *J* = 8.4, 1.2 Hz, 2H), 8.00 (d, *J* = 1.2 Hz, 2H), 8.70 (d, *J* = 8.4 Hz, 2H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt): δ 14.1, 22.7, 29.1, 29.31, 29.35, 29.5, 29.6, 30.2, 31.5, 31.9, 48.7, 50.2, 122.7, 123.2, 127.6, 127.8, 128.5, 129.2, 132.1, 132.2, 133.9, 139.6, 145.8. HRMS (EI^+^) calcd for C~46~H~58~O~2~S~2~, 706.3878; found, 706.3848.

### General Procedure for the Synthesis of Parent and 2,11-Dialkylated PiDTs (C*~n~*-PiDTs) **9** {#sec4.1.13}

To a solution of epoxide **8** (0.4 mmol, 1 equiv) in anhydrous 1,2-dichloroethane (24 mL) in a 50 mL Schlenk tube under an argon atmosphere was added indium chloride (18 mg, 0.08 mmol, 20 mol %) at room temperature. The reaction mixture was stirred at 100 °C for 48 h and quenched with water (10 mL), and the formed solid was filtered. The filter cake was rinsed with water (30 mL), chloroform (10 mL), and hexane (30 mL). Drying in vacuo afforded product **9** as a light brown solid, which was further purified by sublimation to give analytically pure samples as a pale yellow solid.

### PiDT (**9a**) {#sec4.1.14}

The yield was 52%. Mp \> 270 °C. FT-IR (KBr, cm^--1^): 3096 (s), 3065 (s), 3026 (s), 2922 (s), 1560 (s), 1340 (m), 1277 (m), 1084 (s), 806 (w), 793 (w), 704 (m), 663 (w). ^1^H NMR (400 MHz, CDCl~3~, rt): δ 7.60 (dd, *J* = 17.2, 5.2 Hz, 4H), 8.12 (d, *J* = 9.2 Hz, 2H), 8.39 (d, *J* = 9.2 Hz, 2H), 8.81 (d, *J* = 9.2 Hz, 2H), 8.95 (d, *J* = 9.2 Hz, 2H), 9.02 (s, 2H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt) was not obtained due to its poor solubility. Anal. Calcd for C~26~H~14~S~2~: C, 79.96; H, 3.61%. Found: C, 79.93; H, 3.29%.

### 2,11-Dioctylpiceno\[4,3-*b*:9,10-*b*′\]dithiophene (**9b**) {#sec4.1.15}

The yield was 29%. Mp \> 270 °C. FT-IR (KBr, cm^--1^): 3086 (s), 3055 (s), 2957 (m), 2924 (w), 2872 (m), 2851 (m), 1279 (m), 827 (m), 797 (m), 752 (m), 650 (s). ^1^H NMR (600 MHz, CDCl~3~, rt) and ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt) spectra were not obtained due to the poor solubility of the compound. Anal. Calcd for C~42~H~46~S~2~: C, 82.03; H, 7.54%. Found: C, 82.03; H, 7.45%.

### 2,11-Didecylpiceno\[4,3-*b*:9,10-*b*′\]dithiophene (**9c**) {#sec4.1.16}

The yield was 32%. Mp \> 270 °C. FT-IR (KBr, cm^--1^): 2957 (m), 2922 (w), 2872 (m), 2851 (m), 1279 (m), 827 (m), 797 (m), 752 (s). ^1^H NMR (600 MHz, CDCl~3~, rt): δ 0.88 (t, *J* = 7.8 Hz, 6H), 1.20--1.35 (m, 24H), 1.38 (quintet, *J* = 7.8 Hz, 4H), 1.85 (quintet, *J* = 7.8 Hz, 4H), 3.03 (t, *J* = 7.8 Hz, 4H), 7.22 (s, 2H), 7.97 (d, *J* = 9 Hz, 2H), 8.28 (d, *J* = 9 Hz, 2H), 8.74 (d, *J* = 8.4 Hz, 2H), 8.89 (d, *J* = 9 Hz, 2H), 8.98 (s, 2H). ^13^C{^1^H} NMR (150 MHz, CDCl~3~, rt) spectra were not obtained due to the poor solubility of the compound. Anal. Calcd for C~46~H~54~S~2~: C, 82.33; H, 8.11%. Found: C, 82.19; H, 8.11%.

Fabrication of Vapor-Deposited OFET Devices {#sec4.2}
-------------------------------------------

Typical bottom-gate top-contact OFET devices were fabricated as follows: All processes, except for substrate cleaning, were performed under a nitrogen atmosphere. A heavily doped *n*-Si wafer with 200 nm thick thermally grown SiO~2~ (*C*~i~ = 17.3 nF cm^--2^) as the dielectric layer was used as the substrate. The Si/SiO~2~ substrates were carefully cleaned by ultrasonication with acetone and isopropanol for 10 min, respectively. After drying, the substrates were irradiated with UV--O~3~ for 20 min and then treated with a solution of 0.1 M OTS, ODTS in anhydrous toluene, and a vapor of FOTS to form an SAM. The active layers were deposited on the treated substrate by vapor deposition at a rate of 0.1 Å s^--1^. Thermal annealing was performed at 100, 150, and 200 °C for 30 min on the hotplate in the glovebox. After treatment, gold electrodes (50 nm thick) were deposited through a shadow mask on top of the active layer under reduced pressure (5 × 10^--5^ Pa). The current--voltage characteristics of the OFET devices were measured at room temperature in air on a Keithley 6430 sub-femto ampere remote sourcemeter combined with a Keithley 2400 measure-source unit. Field-effect mobilities were calculated in the saturation regime of *I*~D~ using the following equationwhere *C*~i~ is the capacitance of the SiO~2~ insulator; *I*~D~ is the source--drain current; and *V*~D~, *V*~G~, and *V*~th~ are the source--drain, gate, and threshold voltages, respectively. The current on/off ratio (*I*~on/off~) was determined from a minimum *I*~D~ at around *V*~G~ = −60 V.
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